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Introduction
Hydrous minerals initially form within oceanic lithosphere as a result of hydrothermal circulation and alteration at spreading ridges, along fracture zones, and along faults in the region of the trench and outer rise (Maruyama and Okamoto, 2007; Audet et al., 2009) . Such processes determine geophysical and mineralogical properties of the oceanic lithosphere with significant consequences for the mechanical behavior of subduction zones (Bach and Früh-Green, 2010) . In particular, bending-related faulting affects porosity and permeability structure of the oceanic crust and consequently creates a pathway for fluids down to mantle depth (Ronero et al., 2003; ContrerasReyes et al., 2007) . However, there is little constraint on in situ abundance and distribution of hydration within subducting crust near the trench to fully assess the strength of the plate interface and nature of mega earthquakes. Also, experimental measurements of expected seismic wave speeds and anisotropy of the hydrous minerals in the subducted oceanic crust under different pressure and temperature conditions are limited, although significant progress has been made in recent years (e.g., Jacobsen and van der Lee, 2006) . Knowledge of the material properties (seismic velocities and densities) of mineral phase assemblages along with appropriate phase equilibria are important in interpretation of geophysical observations and geodynamic simulations.
The presence of hydrous minerals in the oceanic crust reduces the seismic velocity to considerably less than the velocity of the surrounding mantle according to laboratory measurements on candidate phases (e.g., Jacobsen and van der Lee, 2006) . As oceanic plates subduct, mineral-bound H 2 O is transported down into the deep mantle (Abers, 2000; Hacker et al., 2003b; Jacobsen and van der Lee, 2006; Maruyama and Okamoto, 2007; Mainprice and IIdefonse, 2009) . The evidence has been seismically detected via tomography and receiver function (RF) based on teleseismic P-to-S converted (hereafter Ps) phases in various subduction environments as a lowvelocity layer atop of the subducting plate (e.g, Alaska-Ferris et al., 2003 , Cascadia-Nicholson et al., 2005 Abers et al., 2009; Audet et al., 2009; Peacock et al., 2011 , central Andes-Yuan et al., 2000 , southwest Japan-Shelly et al., 2006 , northeast Japan-Kawakatsu and Watada, 2007 Tsuji et al., 2008, and central Mexico-Pérez-Campos et al., 2008; Kim et al., 2010) . Two above-mentioned seismic methods yield high P-to-S velocity ratio (Vp/Vs) exceeding 2.0 at the top interface of the subducting plate. In particular, a depth-section of RFs typically shows the oceanic crust as a dipping low-velocity layer, of which the top and bottom (plate interface and oceanic Moho) are outlined by strong negative and positive amplitudes, respectively. The estimates of the Vp/Vs by Audet et al. (2009) and Peacock et al. (2011) range between 2.0 and 2.4 in the shallowly dipping subducted oceanic crust beneath Vancouver Island from RFs. The timing of the reverberated phases from the top and bottom interfaces of the oceanic crust is used to constrain such high Vp/Vs of the downgoing crust (Audet et al., 2009) . Abers et al. (2009) modeled and directly inverted RF waveforms, using a parameterization of structure with a few number of free parameters, and obtain Vp/Vs of 1.9 for the shallowly dipping Juan de Fuca crust beneath Washington, Cascades. Kim et al. (2010) performed an inversion using the amplitudes of the converted teleseismic phases and obtained high Vp/Vs of $ 2:0 within the flat upper oceanic crust of the Cocos plate beneath central Mexico. Furthermore, both finite-difference modeling of the RFs (Kim et al., 2010) and modeling local converted S-to-P phases and teleseismic underside reflections (Song et al., 2009) for the shallow-to-flat slab region ( $ 20245 km depth) suggested anomalously low S wave velocity of 2.4-3.4 km/s for 200 km from the Pacific coast.
In central Mexico, significant reduction in S wave velocity by more than 20% (Song et al., 2009) at the shallow-to-flat transition of the top interface of the Cocos plate ( $ 20245 km depth) are difficult to explain simply by velocity difference predicted for plausible subducted oceanic crust lithologies such as lawsonite blueschist and epidote blueschist (Currie et al., 2002) , which is only less than 7% (Hacker et al., 2003a) . In comparison to previously reported values for central Mexico subduction zone, the Vp/Vs ratios (or Poisson's ratios) shown in Audet et al. (2009) and Peacock et al. (2011) for Cascadia subduction zone are quite extreme, and both Audet et al. (2009) and Peacock et al. (2011) argued that such high estimates cannot be due to the presence of hydrous minerals alone but are due to free-water at high porepressure. This requires a very low permeability seal to retain the water. Kim et al. (2010) allowed for a compositional interpretation to explain such low-velocity anomalies at the depth of 20-45 km in central Mexico and suggested a large concentration of hydrous minerals such as talc and high pore-fluid pressure. In particular, low shear velocities in the shallowly dipping segment near the Pacific coast, which coincides with the transition zone downdip to the locked zone can be characterized by high seismic anisotropy (larger than 5%) with the foliation plane plunging $ 201 steeper than the plate interface of the Cocos plate with a dip angle of 181 (Song and Kim, 2012) . This is consistent with crystallographic preferred orientation developed in S-C mylonites, and the talc could be pervasive near the top of the subducted oceanic crust (Song and Kim, 2012) . The influence of the pore pressure on seismic velocities is, however, expected to diminish with depth (Christensen, 1984) , and thus we expect that it is unlikely to be significant at lower oceanic crustal depths where the porosity is low and farther away from the seismogenic zone. It also needs very low viscosity to maintain a seal for over 200 km.
The evidence of high H 2 O content, bound in solid phases within the low-velocity layer, may explain the top (horizontal) interface of the Cocos plate in central Mexico which extends for 200 km from the Pacific coast without strong coupling between Cocos and North America plates (Kim et al., 2010) . Plate decoupling, as shown in GPS observations (Franco et al., 2005) , may explain the lack of seismicity and compression within the overriding plate in the last $ 20 Ma based on the tectonic and magmatic episodes in central Mexico (Nieto-Samaniego et al., 2006; Morá n-Zenteno et al., 2007) , despite the complete flat subduction geometry at shallow depth of 45 km Kim et al., 2010 Kim et al., , 2012 . Such large amount of fluid near the plate interface due to subduction related dehydration could also be an explanation for bursts of the nonvolcanic tremor within the subducted oceanic crust and lower continental crust (Payero et al., 2008) and slow slip events (Larson et al., 2007; Kostoglodov et al., 2010; Vergnolle et al., 2010; Radiguet et al., 2011) . Recent studies suggest strong correlations between episodic tremor and slip (ETS) events and a low-velocity layer at the top of the subducting oceanic crust (Abers et al., 2009; Song et al., 2009; Audet et al., 2010; Kato et al., 2010) .
In this study, we take an approach that Kim et al. (2010) used to constrain the seismic and mineralogical properties of the subduction interface using amplitudes of the converted phases and apply to regions where (1) the Cocos plate subducts steeply in central Mexico beneath active volcanic arc called Trans-Mexican Volcanic Belt (TMVB) and (2) the Cocos plate subducts shallowly beneath southern Mexico with the absence of volcanic arc in the Isthmus of Tehuantepec (Fig. 1) . Our study region in central Mexico includes the portion where the seismic structure rapidly changes with depth due to slab bending and also largely covers the Quaternary Chichiná utzin Volcanic Field, which is part of subduction-related arc and contains numerous cinder cones and shield volcanoes as well as larger stratovolcanoes such as the active Popocaté petl (Cervantes and Wallace, 2003; Johnson et al., 2009) (Fig. 1) . On the basis of our inferred compositional models for
ig. 1. Location of the MASE and VEOX lines in central and southern Mexico, respectively. The average distance between stations for both seismic lines is about 6 km. The regions of focus are shown by blue boxes. Two black boxes outline the Zitá cuaro-Valle de Bravo (ZVB) and the Sierra Chichiná utzin Volcanic Field (SCVF) in central Mexico (Cervantes and Wallace, 2003; Johnson et al., 2009) . Gray lines depict isodepth contours of the subducted Cocos plate beneath the North American plate based on local seismicity and teleseismic receiver functions Kim et al., 2010 Kim et al., , 2011 Melgar and Pé rez-Campos, 2010) . The upper-left inset illustrates teleseismic earthquake locations used in the analysis (MASE, 28 events: blue; VEOX, 45 events: green). The upper-right inset shows geometries of the subducted oceanic crust in central (a) and southern (b) Mexico, constrained by the receiver functions Kim et al., 2010 Kim et al., , 2011 Kim et al., , 2012 Melgar and Pé rez-Campos, 2010) . dipping oceanic crust in central and southern Mexico from the RF amplitude inversion (Kim et al., 2010) , we compare the differences in slab properties between central and southern Mexico, and discuss inferred relationships to the volcanic arc process in the overriding plate and overall plate boundary evolution in Mexico.
Observations

Data
We use teleseismic waveforms recorded from two passive seismic experiments in central and southern Mexico. Threecomponent broadband seismometers were deployed in two linear arrays (separated by $ 500 km) that are nearly perpendicular to the strike of the Middle America Trench (Fig. 1) . The northern array (Meso-American Subduction Experiment, MASE) spanning from Acapulco at Pacific side across central Mexico (Fig. 1) (Fig. 1) , which sample the Cocos oceanic crust at 35-45 km depth, are excluded in the analysis because their seismic recordings were heavily affected by frequent flooding events during the experiment. Individual waveform data recorded from the selected stations are first time-windowed to 90 s and rotated to radial and tangential coordinates. The radial component seismograms are then deconvolved with vertical component seismograms at each station to obtain radial RFs. The RF calculations are done in both frequency domain (Gaussian width factor of 2.5 and 5, and water level of 0.1, 0.01, and 0.001) (Langston, 1979; Ammon et al., 1990) and time domain (Gaussian parameter of 4 and maximum 100 picks or iterations) (Kikuchi and Kanamori, 1982; Ligorria and Ammon, 1999) . The time domain deconvolution, in particular, is based on the least squares minimization of the difference between the observed horizontal component and the predicted signal generated by the convolution of an iteratively updated signal spike train and the vertical component seismogram (Kikuchi and Kanamori, 1982) . The iterations can be repeated until a chosen percentage of the total energy has been removed, or until a user-specified iteration number has been reached. In this study, in order to ensure that the converted arrivals from the dipping oceanic crust are obtained, we set the maximum iteration to be 100 for the 90 s window. In comparison with the RFs processed in the frequency domain, the iterative deconvolution shows several desirable qualities, and thus for inversion, we only use the quality RF dataset from the iterative deconvolution in time domain for following reasons. The time domain deconvolution provides the highest resolution for sharply constraining the geometry of the slab beneath Mexico (Kim et al., 2010 (Kim et al., , 2011 , and returns more stable results from noisy stations, especially those above the TMVB. Also, the high frequency content (0.01-1.0 Hz) in the data and iterative time domain deconvolution minimize waveform interference caused by the timing and amplitude variation due to slab dip and slowness. In addition, in each iteration, the quality of the deconvolution can be directly evaluated by comparing the detected phase energy before and after the deconvolution.
We then measure the amplitudes of the negative-positive pair in each RF, normalized by its P arrival, that are the converted phases at the top and bottom interfaces of the subducted crust (Fig. 2) . The collection of the RF amplitudes for all the selected stations ( Fig. 1 ) is used in the inversion which we describe in Section 3. Fewer stations and thus a smaller dataset for MASE above the TMVB reflects difficulties in picking phases corresponding to the top and bottom of the oceanic crust in the steeply dipping geometry (see Section 2.2). We also note that the seismic multiples in the teleseismic data recorded from both MASE and VEOX arrays are very weak in our high-frequency passband (Kim et al., 2010 (Kim et al., , 2011 , and so it is difficult to clearly identify reverberated phases and measure timings of both forward conversions and reverberations to recover Vp/Vs of the subducted low-velocity oceanic crust as done by Audet et al. (2009) for Cascadia subduction zone. In particular, the reverberations at the steep interface ( 4 501) cause converted phases to travel over larger lateral offsets, and consequently are beyond the array (MacKenzie et al., 2010; Kim et al., 2012) .
Geometries of the subducted Cocos oceanic crust in Mexico
The subducted Cocos plate beneath central Mexico, as imaged with both RFs and teleseismic migration (Bostock et al., 2001; Rondenay et al., 2005) Waveform from teleseismic events, as shown in Fig. 1 upper-left inset, are first filtered at 0.01-1.0 Hz and processed by the time domain deconvolution (Kikuchi and Kanamori, 1982; Ligorria and Ammon, 1999 ) with a Gaussian filter parameter of 4. The P arrival is indicated at 0 s as a red dotted line. Locations of the converted phases at top and bottom of the subducted oceanic crust are indicated as red and blue dots, respectively. These locations for central Mexico beneath the active arc are confirmed by the predicted arrivals from the synthetic seismograms based on the ray-based algorithm , and the locations for southern Mexico are by the predicted arrivals from the two-dimensional RF finite-difference modeling (Kim et al., 2011). 300 km from the Middle America Trench Kim et al., 2010 Kim et al., , 2012 . Although the estimate of the thickness slightly trades off with its velocity, the thickness of the oceanic crust is constrained at 7-8 km at the shallow-to-flat regime near the Pacific coast by the finite-difference modeling Kim et al., 2010 ) with a priori constraint of 5-7 km thick oceanic crust at the trench (Shor and Fisher, 1961) . Among the flat subduction regions around the world, the subduction system in central Mexico is unique in a sense that the horizontal oceanic crust with normal oceanic crustal thickness is situated at a very shallow depth ( $ 45 km) without mantle lithosphere or asthenosphere between the subducted oceanic lithosphere and the continental crust (Pé rez- Kim et al., 2010 Kim et al., , 2012 . Beyond the flat segment, the Cocos plate is imaged to be subducting steeply ( $ 751) underneath the active arc front of the TMVB (Husker and Davis, 2009; Kim et al., 2010 Kim et al., , 2012 . The top interface of the steeply dipping oceanic crust is clearly imaged in the migration image from the upgoing Ps phase (Kim et al., 2010 from teleseismic events which arrive obliquely incident to our 2-D station geometry. These images show a sharp boundary between gabbroic oceanic crust and surrounding peridotitic mantle from $ 45 km to 200 km at depth. The ability of the migration was tested using synthetic seismograms based on the ray-based algorithm (Frederiksen and Bostock, 2000) , and the migration image from the synthetics showed that only Ps phase produces the conversion from the steep interface . The tomography also showed the steep slab which continues down to a depth of $ 500 km at a distance of 400 km from the trench (Husker and Davis, 2009 ). These seismic images of the steep slab beneath the arc support the slab rollback mode of the Cocos plate in central Mexico, which is also evidenced by the southeastward migration of TMVB volcanism since $ 20 Ma (Ferrari, 2004; Ferrari et al., 2011) . In addition, an eastward migration pulse of magmatism originating beneath the Gulf of California at the time of the formation of Rivera Plate truncated the slab so that it only extends to 500 km depth today (Ferrari, 2004) .
In contrast, the RF image across the VEOX line in southern Mexico (Fig. 1) shows the Cocos slab dipping $ 251 to a depth of $ 120 km (Melgar and Pérez-Campos, 2010; Kim et al., 2011; Chen and Clayton, in review) . Small azimuthal variations are observed in the RF image for the shallowly dipping Cocos slab, and smaller tangential RF amplitudes suggest that seismic anisotropy may be minor (Kim et al., 2011) . Both the RF (Kim et al., 2011) and tomography images (Chen and Clayton, in review) reveal the presence of the southwestdipping structure from Gulf of Mexico (denoted as Yucatán slab) with an opposite direction dip as the Cocos slab (approximate location shown in Fig. 1, inset (b) ). Relocated seismicity (Castro Artola, 2010) follows the trend of the Yucatán slab starting at the intersection point with the Cocos slab ( $ 1202150 km depth) (Kim et al., 2011; Chen and Clayton, in review) .
Hydrous minerals in shallow-to-horizontal oceanic crust in central Mexico
This analysis has been described fully in previous paper (Kim et al., 2010) , and their results are briefly described here. The converted amplitudes from the top and bottom of the oceanic crust were used to estimate the mineral components of the oceanic crust as a function of depth ( $ 20245 km) transitioning from shallow to flat geometry along the transect from Acapulco on Pacific coast to the southern end of the TMVB. The resultant S wave velocities in the shallowly dipping to flat, 471 km thick, upper oceanic crust range between 2.3 and 3.4 km/s, and these velocities were directly compared with computed mineral phases such as chrysotile, (c-axis and randomly oriented) talc, antigorite, lizardite, and Fe-bearing phase A, and rocks such as gabbro, harzburgite, and pyroxenite (Kim et al., 2010) . The velocities of the candidate mineral phases were computed at a depth 35 km and a range of temperatures (500-8001C) without the presence of a fluid (Kim et al., 2010) . A low-pressure mineral phase such as talc (low-strength hydrous mineral) was considered a prime candidate for the anomalously low shear velocities inverted from the seismic data (Kim et al., 2010) . Presence of such mechanically weak minerals can be important in lubricating and softening shear zones in the plate interface. Observed low S wave velocities and high Vp/Vs ratios in the upper oceanic crust are also related to localized seismic anisotropy predominantly caused by straininduced crystallographic preferred orientation (CPO) developed in S-C mylonites (Song and Kim, 2012) . The data for the lower oceanic crust, on the other hand, suggested the presence of unaltered oceanic crustal compositions (MORB-like) over drydepleted mantle rock (Kim et al., 2010) . High-pressure hydrous phases such as Fe-bearing phase A and depleted mantle rocks such as pyroxenite and harzburgite were characterized by higher S-wave velocities than the lower crustal data (Kim et al., 2010) .
Bayesian inversion of receiver function amplitude
The inversion capability using the RF amplitudes was previously demonstrated based on the linearized Zoeppritz equation assuming small incidence angles, which was suitable for conversions along the portion of the shallowly dipping oceanic crust before steeply subducting beneath the TMVB (Kim et al., 2010) . The amplitudes of the distinct negative/positive signature of the RF pulses converted from the top and bottom interfaces of the oceanic crust and their time separation were used to constrain the shear speed and density of the upper and lower oceanic crusts and the thickness, respectively. The initial negative pulse depends on the shear-speed and density variations of the top interface of the upper oceanic crust, while the following positive pulse depends on the contrast in these quantities across the bottom interface of the lower oceanic crust. In the inversion, Kim et al. (2010) used a single optimum reference model for P wave and S wave velocities and density, primarily constrained by the finitedifference modeling of the RFs, local velocity model by ValdesGonzalez and Meyer (1996) , and waveform modeling of SP phase (Song et al., 2009) , and inverted for absolute S wave velocities and densities rather than the perturbations. The inverted values were mapped in the 2-D strip of variations along the seismic line to properly account for the off-axis piercing points (Kim et al., 2010) . As discussed in Kim et al. (2010) , the measured conversion amplitudes have strong sensitivity to shear speed and weak sensitivity to density over the limited range in slowness (p $ 0:0420:08 s=km).
In this study, we implement Bayesian sampling in the inversion for shear speed and density of the upper and lower oceanic crusts, to first account for the uncertainty in the reference model for more steeply dipping geometries (Fig. 1, insets (a) and (b) ). In particular, we do not have a well-constrained reference model that describes the structure beneath the TMVB in central Mexico (Fig. 1) . The Bayesian sampling is a probabilistic approach that samples models in the solution space proportionally to how consistent the models are with data (likelihood), as well as with the prior information, and produces a distribution of possible models (posterior) for the inverse problem (Tarantola, 2005; Minson, 2010) . The seismic parameters for the layer above and below the upper/lower oceanic crust are randomly generated from Gaussian distribution curves with given mean and standard deviation parameter. For the mean, we use a value 3% larger than the IASP91 Earth reference model (Kennett and Engdahl, 1991) based on the tomographic model for central Mexico provided by Husker and Davis (2009) . The standard deviation is set to 1 km/s. Trial and error shows that a larger range generates too many unphysical models. The Bayesian approach yields an estimate of the probability density function of all the possible input parameters, which can then be propagated through the forward model to determine the shear speeds and densities and their associated uncertainty distributions. We generate 10,000 models for each station to ensure a proper sampling of the posterior probability distribution.
For the inversion, we use Zoeppritz equation for sub-critical plane-wave transmission coefficient between two elastic halfspaces (Aki and Richards, 2002, p. 148) :
where p represents the ray parameter, a the P-wave velocity, b the S-wave velocity, r the density, and i and j the incident and transmitted angles, respectively. By considering the case with no conversions as a reference ray, the transmission coefficients T PS at the top and bottom of the oceanic crust can be effectively isolated and used in the inversion. The detailed analysis of the inversion procedure is described in Kim et al. (2010) . Fig. 3 shows the Vp/Vs as a function of shear wave velocities of candidate mineral phases such as amphibole, antigorite, lawsonite, zoisite, and pyroxene, and candidate rocks such as eclogite and gabbro, computed at different pressure (P)-temperature (T) conditions for central and southern Mexico. Predicted seismic velocities for each mineral phase are computed using elasticity data that have been experimentally determined (Table 1) , and third-order finite strain theory (Duffy and Anderson, 1989) for P-T conditions corresponding to different slab depths. The P-T information at 45 km, 120 km, and 200 km is taken from a thermal model of the central Mexico subduction zone , and shown in Table 2 . We note that elasticity data for some of the phases at high P-T conditions are still lacking. In this case, we approximate these phases with reported values of other upper mantle phases (specified as 'assumed' in Table 1 ). The gabbroic rock is computed using the Voigt-ReussHill (VRH) approximation on the combination of 50% plagioclase and 50% pyroxene (Mavko et al., 2003) .
Results
Candidate phases
Based on the assumed P-T conditions (Table 2 ), the elastic properties of candidate minerals and rocks are computed (1) without the presence of a fluid and (2) with needle-, sphere-, and penny-shaped, water-filled cracks with 10% porosity in each phase assemblage, calculated based on the Kuster and Toksöz formulation (Mavko et al., 2003) . As shown in the insets of Fig. 3 and Supplementary Fig. S1 , the major axis of each ellipse is primarily controlled by the P-T conditions with different depths and the minor axis by various crack geometries (needle-, sphere-, and penny-shaped). The lower-right area of each ellipse corresponds to high P-T values whereas the upper-right area represents low P-T (Fig. 3) . Calculated velocities from the needleshaped, water-filled cracks from 0% to 10% porosity with different depths lie close to the area of the left part of the ellipse, and the velocities from the sphere-shaped with varying porosity lie close to the velocities from the needle-shaped, but characterized by higher Vs than those from the needle-shaped ones (Supplementary Fig. S1 ). On the other hand, the velocities from the pennyshaped ones lie close to the area of the right part of the ellipse (Supplementary Fig. S1 ). Each ellipse in Figs. 3 and 4 , and Supplementary Figs. S1 and S2 includes the P-T ranges, different crack geometries, and uncertainties in the elasticity data, as reported from the experimental results. In addition, we also consider elastic anisotropy of antigorite and texture observations in a natural serpentinite (Bezacier et al., 2010) .
Hydrous minerals in dipping oceanic crust in Mexico
We determine major phases for the subducted oceanic crust underneath central and southern Mexico according to depths by comparing high-amplitude contours of our inverted seismic velocities with the computed properties of candidate phase assemblages, shown in Fig. 3 and Supplementary Fig. S1 . Fig. 4a and b shows the Vp/Vs as a function of the inverted Vs based on the Bayesian sampling of 10,000 possible models for (a) MASE and (b) VEOX, respectively. The color contours in Fig. 4a and b show normalized amplitudes of probability distribution functions of the inverted Vs, and we only show high end of the amplitude range (from 0.8 to 1.0) to directly compare our results with the candidate phases with the smallest uncertainty. As we reduce the probability amplitudes, the error estimate increases and the distribution of the contours becomes broader. For both regions, the shallower portion of the oceanic crust corresponds to both higher Vp/Vs ratio and lower Vs, and the deeper portion corresponds to both lower Vp/Vs ratio and higher Vs ( Supplementary  Fig. S2 ). In general, contoured amplitude patterns for the inverted seismic velocities between upper and lower oceanic crusts for both regions are similar due to the fact that the input seismic parameters for the layer above/below the upper/lower oceanic crusts are not very different from each other. We also note that both regions contain seismic observations that do not fully match the candidate compositions explored here (Fig. 3, Supplementary  Fig. S1 ). These regions are mostly characterized by low Vs and VEOX from 45 km to 120 km for candidate phases (amphibole, lawsonite, zoisite, pyroxene, eclogite, gabbro, and antigorite). The ellipses in solid and dotted lines represent candidate mantle mineral and rock properties, respectively. The elasticity data for the mineral phases and rocks used in these calculations are provided in Table 1 , and the P-T data in Table 2 . The lower-right part in each ellipse represents poreless mineral or rock phases in high P and T conditions, and the upper-left portion represents the phases with various shape-crack, water-filled inclusions of maximum porosity 0.1 in low P and T conditions. Supplementary Fig. S1 shows how different crack geometry affects seismic velocities, and each ellipse in this figure and Supplementary Fig. S1 is drawn to encompass all velocities.
high Vp/Vs exceeding 1.83 (Fig. 4) . Preferentially oriented serpentinites can provide an explanation to some of these regions (Bezacier et al., 2010) (Fig. 4) , but cannot be used to explain the full range of our observations. Other explanations could include free fluids, fabric development, as well as a lack of complete elasticity data for all candidate phases, including phase transitions and elastic anisotropy.
We note that density is not as good of an indicator to distinguish compositional models from this dataset because the inversion is more sensitive to the perturbation in shear velocities rather than density (Kim et al., 2010) . The probability distributions of the inverted densities for both central and southern Mexico show rather broad distributions of values between 3200 and 3400 kg/m 3 without any distinct peak.
Central Mexico
Similar peak patterns for the upper and lower oceanic crusts at depths (45-200 km) in central Mexico likely mean that the steeply dipping oceanic crust becomes more homogeneous in composition as the depth increases (Fig. 4a) . Observed seismic velocities from $ 60 to 100 km depth in the upper and lower oceanic crusts beneath central Mexico correspond to computed velocities of hydrous minerals such as zoisite and lawsonite ( $ 025% porosity) (Fig. 4a) . Based on this seismic observation, we cannot distinguish whether two phases coexist or not, due to their similar velocities at the depth of $ 602100 km. The data points for depth shallower than $ 60 km correspond to low Vs (3.8-4.3 km/s) and high Vp/Vs (1.83-2.0). As Kim et al. (2010) suggested from their analysis for the region south of our study area, a combination of added pore fluid pressure and pervasive presence of hydrous minerals such as talc may affect seismic velocities. Also, seismic anisotropy from the preferentially oriented serpentinites (Bezacier et al., 2010 ) may explain such anomalous data points.
As shown in Fig. 4a , the candidate phase assemblages which explain our deeper-depth ( 4 $ 100 km) data are gabbro ( $ 024% porosity) and eclogite ( $ 6% porosity). Observed dominant gabbroic phase at deeper depth ( 4 $ 100 km) is supported by the seismic image showing the sharp boundary between the top interface of the steeply subducting slab and the peridotitic mantle, which extends down to a depth of 200 km although the image does not show the oceanic Moho (bottom of the oceanic crust) due to the low frequency range in the analysis (0.03-0.3 Hz) and resolution limit (Rondenay et al., 2005; MacKenzie et al., 2010) . It is generally understood that large amount of fluid is expelled from the downgoing hydrated crust as it undergoes subduction-zone metamorphism with increasing P and T, and the degree of dehydration strongly controls the reflectivity at the top and bottom of the oceanic crust (Kawakatsu and Watada, 2007) . Such slab dehydration is suggested to be a reason for weaker or absence of gabbroic crust in the upper-most oceanic mantle in the teleseismic migration images (Bostock et al., 2002; Abers et al., 2009) . Depending on different thermal state of the subduction system, the conversion from gabbroic to anhydrous eclogitic crust due to metamorphism occurs at different depths, and the eclogitic crust is seismically indistinguishable from the mantle peridotite (Bostock et al., 2002; Kawakatsu and Watada, 2007; Abers et al., 2009 ). Our seismic data for central Mexico indicate that eclogite is present after the depth of 100 km, although it is difficult to disentangle the gabbroic signature (Fig. 4a) . In particular, the eclogitization underneath the TMVB is in good agreement with the slab rollback process evidenced by the southward migration of the volcanism (Ferrari et al., 2001) . Overall, the deeper-depth data can be explained by mineral-bound H 2 O within the subducted oceanic crust.
The release of H 2 O from lawsonite and/or zoisite above 100 km depth by slab dewatering process could be in the form of a fluid phase and/or could lower the melting temperature of surrounding phases, where either scenario correlates well with arc volcanism. A large extent and heterogeneous volcanic signatures in the TMVB have been previously suggested to be due to a change in subduction dynamics from normal subduction geometry to the current configuration since $ 15 Ma in central Mexico (Blatter et al., 2007; Manea and Manea, 2011) . One of the puzzling aspects of Schilling et al. (2002) . c Ringwood and Green (1966) . d Fei (1995) . e Comodi et al. (2010) . f Knittle (1995) . g Stixrude and Lithgow-Bertelloni (2005) . h Grevel et al. (2000) . i Jackson et al. (2007) . j Flesch et al. (1998) . k Angel and Jackson (2002) . l Anderson (1989) . m Bezacier et al. (2010) . the TMVB volcanism is that compositionally contrasting suites of rocks have erupted all across the arc since the middle-late Miocene (Gó mez-Tuena et al., 2007 Straub et al., 2008 Straub et al., , 2011 . In particular, the data for H 2 O and trace elements in melt inclusion from high-Mg basalts in the arc-front volcanoes (less than 50 km apart) in Quaternary Sierra Chichiná utzin Volcanic Field (SCVF) (Fig. 1 ) suggest significant variability in the composition of H 2 O-rich subduction compositions that are added to the mantle wedge (Cervantes and Wallace, 2003) . Whereas, the generation mechanism of the Quaternary volcanism in the Zitá cuaro-Valle de Bravo (ZVB), situated east of the SCVF and 280-330 km from the trench (Fig. 1) , is mostly due to partial VEOX from 45 km to 120 km. The Vs are computed for 10,000 onedimensional Earth models, which are generated by randomly varying the velocities and densities within a prescribed range. The colorbar represents normalized probability amplitudes corresponding to all the possible Vs as contours, and we only show high end of the amplitude range in warm colors. The ellipses in solid and dotted lines (both in cold colors) represent candidate mantle mineral and rock properties, respectively (see Fig. 3 and Supplementary Fig. S1 ). The lower-right part in each ellipse represents poreless mineral or rock phases in high P and T conditions, and the upper-left portion represents the phases with various shape-crack, water-filled inclusions of maximum porosity 0.1 in low P and T conditions. The elasticity data for the phases and rock used in these calculations are provided in Table 1 and the P-T data in Table 2 . The data point shown as a star indicates a value computed for Vs at a 301 incidence angle between the seismic ray path and foliation plane of Cuba serpentinite at room P and T (Bezacier et al., 2010) . The shallow depth part of the oceanic crust corresponds to the higher Vp/Vs ratio and lower Vs, and the deeper depth part corresponds to the lower Vp/Vs ratio and higher Vs ( Supplementary Fig. S2 ).
melting of depleted mantle peridotite and is strongly influenced by subduction-related fluids (Blatter et al., 2007) . The Cocos plate is steeply subducting beneath two volcanic regions (SCVF and ZVB), and the magmatic H 2 O contents in the monogenetic volcanoes in these regions range between 2.0 and 6.0 wt% (Johnson et al., 2009 ). The active slab dewatering process inferred from our inverted data may also well correlate with highly attenuating region in the overlying mantle wedge beneath the TMVB at a depth of 80-120 km (Chen and Clayton, 2009 ). This highly attenuated area was previously suggested to be related to fluids and partial melts produced in the subduction process (Chen and Clayton, 2009) . Furthermore, at a depth of 20-40 km, the slab dewatering process followed by the slab rollback was seismically evidenced as a low-resistivity anomaly at the lower continental crust directly beneath the entire arc (Jödicke et al., 2006) . This anomaly has also been shown as high seismic attenuation (Chen and Clayton, 2009 ) and low shear wave velocities (Iglesias et al., 2010) .
Southern Mexico
Similar to the central Mexico case, similar peak locations for the upper and lower oceanic crusts are observed at depths (45-120 km) beneath southern Mexico (Fig. 4b) . However, high probability amplitudes are distributed differently with depth, which may suggest that mineralogical properties for the upper and lower crusts are different (Fig. 4b) . Also, the observed contours for the probability amplitudes are tightly bounded between 0.8 and 1.0 compared to those for central Mexico, indicating smaller uncertainty in the data based on more sampling points (i.e., more station-and-event pairs) and higher accuracy in picking the phases (Fig. 4b) . Previous two-dimensional finite-difference modeling suggested that two low-velocity layers (upper crustal velocity being $ 20225% slower than the lower one) are required to explain the observed negative and positive RF pulse heights and timing of the pulses (Kim et al., 2011) . This also strongly suggests that the compositions of two layers are different.
In southern Mexico, the dominant mineral phase is observed to be amphibole ( o $ 5% porosity) in shallowly dipping upper oceanic crust (Fig. 4b) . The amphibole-dominated mineralogy in the oceanic crust in the subduction zone has been commonly known, and its presence suggests that it can be an important host for H 2 O (Poli and Schmidt, 1995) . The amphibole-bearing oceanic crustal assemblage is also seen in central Andes where the Nazca plate is subducting under the South American continent (ANCORP Working Group, 2003) . A strong dipping (Nazca) reflector was previously linked to the subducting oceanic crust down to a depth of $ 85 km, which corresponds to the lower stability limit of amphibole minerals in mafic rocks (ANCORP Working Group, 2003) . The observation of this dominant amphibole composition in the upper crust beneath southern Mexico is quite different from the central Mexico case for the shallow-to-flat slab region at depths ranging from 20 to 45 km (Kim et al., 2010) . The difference in the compositions of the upper oceanic crust beneath two different regions clearly reflects the difference in slab geometry. Furthermore, the ''normal'' mineral assemblage in the dipping oceanic crust beneath southern Mexico based on our seismic observation makes the case in central Mexico unique and unusual. The origin of the flat subduction in central Mexico is not clear (Skinner and Clayton, 2010) , and the presence of hydrous mantle mineral, talc, in the upper oceanic crust beneath central Mexico may provide a clue to complicated slab dynamics in the past, which lead to the current configuration.
Lower crustal data, on the other hand, suggest dominant gabbroic compositions ( $ 10% porosity) in southern Mexico (Fig. 4b) . This is consistent with the previous observation that Kim et al. (2010) made for central Mexico in the shallow-to-flat slab region. Based on this analysis, we note that the gabbro-toeclogite transformation has not occurred in southern Mexico. As a comparison, Cascadia, the youngest and warmest slab in the world (Hyndman and Wang, 1993) , has the formation of nearly anhydrous eclogite at 80-90 km (Hacker et al., 2003b) .
Conclusions
We apply the inversion technique using the receiver function (RF) amplitudes to obtain the S wave velocity (Vs) and density of the steeply and shallowly dipping Cocos oceanic crust in central and southern Mexico, respectively. Because inverted Vs and density are highly sensitive to the input reference model, we approach the inverse problem from a Bayesian perspective, allowing us to completely characterize the model parameter space by computing allowable models instead of seeking a single optimum model. The resulting probability distribution of the inverted Vs is then used to provide tighter constraints on the physical properties of the subducted Cocos oceanic crust and to explain the difference in slab geometries between central and southern Mexico by using available mineral physics data.
In central Mexico, the compositions of the more steeply subducting oceanic crust include hydrous mantle mineral phases, such as lawsonite and zoisite, at 60-100 km depth; the eclogitization occurs at $ 100 km depth underneath the Trans-Mexican Volcanic Belt (TMVB). This result supports the subduction-related arc volcanism at the TMVB directly above the Cocos slab as well as the slab rollback. In particular, the release of H 2 O from lawsonite and zoisite by slab dehydration could be in the form of a fluid phase and/or could lower the melting temperature of surrounding phases, where either scenario correlates well with arc volcanism. On the other hand, the dominant mineral phase in the upper oceanic crust of southern Mexico is suggested to be amphibole on top of unaltered gabbroic oceanic crust. However, we note that both regions contain seismic observations that do not fully match the candidate compositions explored in this analysis. These regions are mostly characterized by low Vs and high Vp/Vs exceeding 1.83, and seismic anisotropy from the preferentially oriented serpentinites (Bezacier et al., 2010 ) may explain such anomalous data points. Free fluids could provide an explanation to our seismic observations that do not intersect our compositional models, but require very low-permeability be maintained over the entire 200 km flat portion of the slab. Other explanations could include a lack of complete elasticity data for all candidate phases, including phase transitions and elastic anisotropy.
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